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I. INTRODUCTION
The emergene of mesosopi physis has lead to the
disovery of many striking new phenomena in solid state
physis in the last two deades
1
. This eld is also inti-
mately related to the progress in fabriation tehniques:
the possibility of reating objets of sub-miron size has
allowed to fabriate and manipulate ondutors whih
are fully oherent.
In solid state physis, one usually onsiders maro-
sopi systems. This term often refers to the notion of
the thermodynami limit: the number of partiles N and
the volume of the system Ω both tend to innity whereas
the ratio n = N/Ω is kept onstant2,3. This idea is also
losely related to the physial size of the system: the
sample is onsidered as marosopi as soon as its size
is larger than some harateristi length, for example the
typial distane between two partiles, n−1/3. Below this
size, the system is said to be mirosopi.
It is well known from our daily experiene that maro-
sopi objets obey lassial mehanis, whereas miro-
sopi ones are governed by quantum mehanis. This
dihotomy between mirosopi and marosopi behav-
ior is quite familiar: small partiles exhibit wave-like at-
tributes and they must be desribed by quantum me-
2hanis that allows for wave behavior like diration or
interferene. Eletrons have been observed to interfere
in many experiments in vauum. However, if one onsid-
ers a large number of eletrons in a disordered medium,
like a marosopi piee of metal at room temperature,
the ondutivity is desribed in a lassial way via the
Boltzmann equation whih leads to the Drude formula.
The question is then: is it possible to observe the wave-
like behavior of the eletrons in a solid? Atually, the
harateristi length whih is relevant is the length over
whih the eletroni wave keeps a well dened phase,
namely the phase oherene length lφ. This phenomenon
is well known in optis: inoherent light an not give rise
to interferene patterns.
At room temperature, the phase oherene length of
an eletron in a metal is of the order of a nanometer,
roughly the n−1/3 fator mentioned above. However, at
low temperature, let us say below 1K, this phase oher-
ene length inreases and may reah several mirometers
in metals or even more than 10 mirometers in highest
quality semiondutor heterojuntions. Combined with
the progress of fabriation tehniques, this allows to ob-
serve the quantum behavior of the eletrons in solids. It
should be stressed that a miron size sample is in a sense
really marosopi when ompared to mirosopi sales
(for example the inter-atomi distanes): if a mesosopi
sample behaves like a large moleule to some extent, it
still ontains a rather large number of atoms and ele-
trons (more than 1020). However, as the eletroni wave
funtion is fully oherent over the whole sample, this sam-
ple is really a quantum ondutor
4,5
.
It is important to point out that the physis of suh
a system is ompletely dierent from the physis of
free eletrons in vauum. First, as we said, the sam-
ple is marosopi, and some notions, reminisent from
the standard solid state physis, are still relevant: the
Fermi wave length, Fermi level, Fermi veloity or hemi-
al potential still make sense; more important, the energy
spetrum is disrete, or, at least, the inter-level spa-
ing ∆ ≈ L−d, where L is the size of the system and
d the dimensionality, may beome omparable or even
smaller than the temperature T . Seondly, disorder is
still present in solids at the miron sale: thus, the ele-
troni wave propagates in a random medium and its ele-
troni motion is still diusive.
It is often tempting to make analogies between in-
terferene phenomena in mesosopi physis and optis.
Suh a omparison may sometimes be appropriate: for
example, the Young slit experiment and the Sagna ef-
fet are very similar to some transport experiments on
mesosopi rings like the Aharonov-Bohm ondutane
osillations
6,7,8
or the quantization of the ondutane
whih may be understood in the light of the theory of
waveguides
9
. There are, however, two important dier-
enes: rst, eletrons are fermions, and this obviously af-
fets strongly the energy spetra of mesosopi samples
and onsequently their transport and thermodynami
properties; seondly, eletrons are harged partiles and
ouple to the vetor potential of the eletromagneti eld.
This provides a powerful tool to ontrol interferene ef-
fets simply by applying a magneti ux.
This artile is organized as follows: in the rst part,
we will give the fundamental length sales whih are im-
portant in mesosopi physis. We will then give an
overview of the dierent materials ommonly used in this
eld. In the seond part, we will present a omprehensive
overview of the dierent fabriation tehniques. Finally,
the third part is devoted to the thermodynamis of theses
mesosopi systems.
II. MESOSCOPIC SYSTEMS
A. Mesosopi samples
1. Charateristi lengths
a. Mean free path A mesosopi sample is a disor-
dered sample: even at zero temperature, eletrons are
sattered by stati defets like impurities, grain bound-
aries or the edge of the sample. Suh events are elas-
ti sattering in the sense that their energy is onserved
during the ollision. The disorder just ats like a stati,
random potential whih adds to the lattie potential. In
suh a system, Bloh states are no more eigenstates, but
the system is still hamiltonian. It should be pointed out
that the translational invariane of the rystal lattie is
destroyed by suh defets, but this usually does not af-
fet the eletroni properties of the system. The typial
length assoiated with these sattering proesses is le, of-
ten alled the mean free path. The time assoiated with
these ollisions is τe and they are related via the relation
le = vF τe, vF being the Fermi veloity.
On the ontrary, other ollisions are inelasti in the
sense that the energy of an eletron is not onserved.
Suh proesses are irreversible and are related to the ou-
pling of the eletrons with their environment, i.e. other
eletrons, phonons or photons. The inelasti length is
given by lin = min{le−e, le−photon, le−phonon}. At high
temperature (typially above 1K), the dominant meh-
anism is eletron-phonon sattering. At low tempera-
ture, however, the dominant proess is eletron-eletron
sattering
2,3
.
Another important soure of deoherene is eletron
photon sattering. This is espeially the ase in mirom-
eter size samples, where small dissipation (10
−15
Watts)
is suient to heat the ondution eletrons at very low
temperatures. Extreme are should therefore be taken
for external radio-frequeny ltering
10,11,12
when work-
ing in the millikelvin temperature range.
b. Phase oherene time After an inelasti satter-
ing event, the energy of the eletron hanges, and the
phase of the wave funtion is randomly distributed be-
tween 0 and 2π; thus, the quantum oherene is lost and
the phase oherene time is mainly limited by the in-
elasti time, τφ ≈ τin. It is important to note, however,
3that elasti sattering also leads to dephasing: the wave
vetor
~k hanges to ~k′ after suh a diusion; elasti sat-
tering implies only that |~k| = |~k′|, but there is a priori
no ondition on their respetive diretions. The point
is that this dephasing is perfetly deterministi and re-
produible: two suessive eletrons with the same wave
vetor
~k will be sattered and dephased in exatly the
same way, whih ould be alulated, if the sattering
potential were known. The phase oherene is thus pre-
served, and interferene eets are not destroyed. On the
ontrary, inelasti sattering depends on the state of the
environment the eletron interats with at the time of the
interation. In this ase, the dephasing is random and the
phase oherene lost. This is why, at room temperature,
the dominant sattering proess is the eletron-phonon
sattering, and the phase oherene length is very short,
typially lφ ≈ 1 − 10nm. In the frawework of Fermi
liquid theory, the available phase spae at low temper-
taure tends to zero. As a onsequene, eletron-eletron,
eletron-photon and eletron-phonon ouplings all tend
to zero and hene, the phase oherene length should
diverge
13
. Reent experiments, however, seem to show
that this is not the ase. Presently, there is still an ongo-
ing debate onerning this point, and we will not address
this issue in this artile
14
.
Finally, it is important to mention magneti impuri-
ties. As they are stati defets at low temperature, sat-
tering by magneti impurities is elasti as the energy of
the eletron is onserved. However, the eletroni spin
is ipped in suh a ollision, and the phase oherene
may be lost. The exat eet of magneti sattering on
the phase oherene time, espeially when entering the
Kondo regime, is far from being understood
15,16,17
. In
this artile, we will not elaborate on this point and on-
sider only systems ontaining no magneti impurities.
. Thermal diusion length and the Thouless energy
At distanes beyond the elasti mean free path le, ele-
trons propagate in a random medium. This diusive na-
ture of the movement is haraterized by the diusion
oeient D = 1dvF
2τe =
1
dvF le where d is the dimen-
sionality of the sample. To propagate over a distane
L, an eletron then needs a diusion time τd = L
2/D.
In a semi-lassial piture, eah diusion path l is har-
aterized by a probability Ψl = |Ψl| exp(iSl/~), where
Sl =
∫
l
~kd~l−Etl with E being the energy of the eletron
and tl the diusion time along the path l. Over the whole
sample of size L, this diusion time is then simply τD.
If one onsiders an energy range larger than 2π~/τD, the
phase of the eletrons in this energy range will be dis-
tributed between 0 and 2π, and interferene eets will
not be observable anymore. This denes the Thouless en-
ergy (or orrelation energy) Ec = h/τD = hD/L
2
. When
the energy range involved is larger than Ec (e. g. when
kBT ≥ EC), interferene eets do not disappear, they
are simply no more observable
18
. If the size of the sam-
ple is smaller than le, the time for an eletron to travel
aross the sample beomes simply L/vF , and the Thou-
less energy simply expresses as Ec = hvF /L.
2. Disorder ongurations
In a marosopi sample, one usually haraterizes the
disorder by some harateristi length, say the elasti
mean free path le. Suh a parameter is relevant when
onsidering the disorder from a global point of view.
From a mesosopi point of view, things may be quite
dierent: the eletroni wave funtions are fully oherent
over the whole sample, and the aquired phase depends
on the preise path one eletron follows. Thus the in-
terferene pattern depends on the mirosopi disorder
onguration of the sample. Moving even a single im-
purity aets drastially the eletroni properties of the
sample. That is why two samples idential from a maro-
sopi point of view may behave in a ompletely dierent
way, due to their mirosopi individuality (their nger-
prints). This phenomenon is equivalent to the spekles
observed when a oherent light beam dirats in a ran-
dom medium.
3. Quantum oherene and the eet of AB ux
The most important parameter that physiists an use
to probe a mesosopi sample is the magneti ux. As
an eletron is a harged partile, it ouples to the vetor
potential
~A (the momentum hanges as ~p → ~p + e ~A in
the hamiltonian, with e the harge of the eletron) even
if the magneti eld
~B is zero ( ~B = ~▽ × ~A = ~0). Note
however that as the eld is zero, or at least very weak
in all the experiments
1
, the eet of the magneti eld
on the trajetories of the eletrons is negligible. When
propagating along a path i, the wave funtion Ψ aquires
a phase simply given by S =
∫
i
(~k(~r)+e ~A(~r))d~r. The rst
term is simply the equivalent of the optial path, whereas
the seond one haraterizes the quantum oupling of the
harge with the magneti ux. This shows how applying
a small magneti eld an indeed ontrol the interferene
pattern of a mesosopi sample
19
. There is no equivalent
of suh a possibility in optis: this is a powerful way to
play with the quantum, wave-like nature of the eletrons.
B. Materials
1. Ballisti vs diusive vs loalized
The dierent length sales for a mesosopi sample are
the Fermi wavelength λF , the elasti mean free path le
and the size of the sample L. The ratio between λF and
le haraterizes the strength of the disorder: for λF ≪ le
(or, equivalently, kF le ≫ 1 or h/τe ≪ EF ), the disorder
1
Exept in the ase of the Quantum Hall Eet, that we will not
address in this artile.
4is said to be weak, whereas for kF le ≪ 1 the disorder is
said to be strong.
Considering the ratio between these dierent length
sales, one an distinguish dierent regimes for a meso-
sopi sample.
a. Ballisti regime (λF ≪ le and L ≤ le)
In this regime, the disorder is very weak and the elasti
mean free path is of the order of the size of the sample.
In this ase, the phase oherene length is mainly limited
by eletron-eletron ollisions. The trajetories of the
eletrons is mainly governed by the shape of the sample,
implying that the reetions at the edges of the samples
are speular. In this ase, transport properties as well as
equilibrium properties depend on the shape of the sam-
ple. Suh systems are powerful tools to probe the energy
spetra of quantum billiards.
b. Diusive regime (λF ≪ le ≪ L)
In suh systems, eletrons experiene a large number
of ollisions during the traversal of the sample. Their
movement is rather a brownian motion, a random walk
between impurities. The phase oherene length is then
given by lφ =
√
Dτφ. In this regime, the exat shape of
the sample does not aet its eletroni properties; only
its size is relevant.
. Loalized regime In the ase of a strong disorder,
Anderson has suggested that eah eletron is onned
in a part of the sample and an not travel through it:
its wave funtion is exponentially dereasing on a length
sale ξ and the eletron is loalized in a domain of size
ξd with d the dimensionality of the sample, and the sam-
ple beomes an insulator
20
. For d = 3, there is a ritial
value for the disorder below whih the sample beomes
insulating and one observes a metal to insulator transi-
tion. For d = 1 and d = 2 on the other hand, eletrons
are loalized for an arbitrary small disorder
21
. Reent ex-
periments, however, show that there is indeed a metal to
insulator in some two dimensional eletron gas. As both
the experimental and theoretial situation are at least
unlear, we will not address this topi in this artile
22
.
Two limits are then to be onsidered
2
: when ξ ≺ L,
eletrons are onned in some regions of the sample, and
ondution ours by hopping from domain to domain.
On the other hand, when ξ ≻ L, loalization domains are
larger than the sample: eletrons are indeed loalized but
they an still explore the whole sample.
2. Dimensionality
One denes the dimensionality of a sample by om-
paring its size with the intrinsi harateristi lengths
23
.
Usually, the most relevant length sale is the Fermi wave-
length. Considering a retangular sample of sizes Lx, Ly
2
Note that one always has ξ ≥ le.
and Lz, with Lx ≺ Ly ≺ Lz, one has:
λF ≪ Lx ≺ Ly ≺ Lz : 3 D (bulk samples)
Lx ≤ λF ≪ Ly ≺ Lz : 2 D (lms)
Lx ≺ Ly ≤ λF ≪ Lz : 1 D (quantum wires)
Lx ≺ Ly ≺ Lz ≤ λF : 0 D (quantum dots)
Suh a denition is ertainly the most relevant from
a mirosopi point of view. Note however that when
onsidering transport properties, and due to the quantum
nature of a mesosopi ondutor, one an also dene the
dimensionality of a sample by omparison with the phase
oherene length:
lφ ≪ Lx ≺ Ly ≺ Lz : 3D
Lx ≤ lφ ≪ Ly ≺ Lz : 2D
Lx ≺ Ly ≤ lφ ≪ Lz : 1D
3. Metals
Metals have a high harge arrier density of about
1022 cm−3. Beause of this high arrier density, the Fermi
wavelength is very short, in the range of the Angström.
Moreover, it is impossible to use gates to modulate this
eletron density (too important voltage would be nees-
sary in the ase of metals). Another onsequene is that
the Coulomb interation is very eiently sreened on
the sale of the Thomas-Fermi vetor, qTF = 2πe
2/ρ0,
with ρ0 the arrier density at the Fermi level. Even if
metals an be very pure from a hemial point of view,
the intrinsi disorder usually makes them diusive on-
dutors. The elasti mean free path le is of the order
of 1 − 100nm, and the phase oherene length lφ in the
order of the mirometer
3
.
At low temperature, some metals beome superon-
dutors. This provides a new degree of freedom, and
a wide variety of mesosopi eets. In partiular, the
superonduting state is quite dierent on a mesosopi
sale as ompared to its marosopi equivalent.
4. Semiondutors
a. Bulk semiondutors In semiondutors, the ar-
rier densities an range pratially between 1014 cm−3
and 1019 cm−3. Moreover, this density an be ontrolled
using metalli gates deposited at the surfae of the sam-
ple, or simply by varying the doping onentration.
In the ase of very pure semiondutors, eg those ob-
tained by Moleular Beam Epitaxy (MBE), the elasti
mean free path is basially limited by the distane be-
tween two doping impurities. This leads easily to le of
3
In extremely lean metals, obtained by Moleular Beam Epitaxy
(MBE), the phase oherene length an reah ≈ 20µm at best.
5≈ 100nm, whereas lφ is of the order of several mirome-
ters. Finally, another important dierene between met-
als and semiondutors is that in the latter, the eetive
mass of the eletrons, whih is related to the band stru-
ture, an be very small.
b. Heterojuntions To redue the dimensionality of
a ondutor, one may redue the thikness of the lm
itself. However, it is quite di?ult to obtain real two
dimensional ondutors on the sale of the Fermi wave-
length λF . An alternative way onsists in playing with
the band struture of two dierent semiondutors. Us-
ing the impressive ontrol of growth oered by the Mole-
ular Beam Epitaxy (MBE), it is possible to grow two
dierent semiondutors on top of eah other, espe-
ially if their lattie parameters are mathed
24
. The
most ommon example is GaAs and GaAlAs (III-V het-
erostrutures), but there also exist II-VI heterostrutures
(CdTe/HgCdTe) or even IV-IV heterostrutures (SiGe).
The dierent band struture, mainly the energy gap
and the work funtion
4
, auses hanges in the harge
transfer between the two adjaent materials in order to
equalize the eletrohemial potentials. Eletrons are
attrated to the remaining holes and the dipole layer
formed at the interfae leads to the band bending at the
viinity of the interfae. True two-dimensional eletron
(or hole) gas at the sale of λF an be formed using this
tehnique
25
.
The spatial separation between harge arriers and
doping impurities leads to very high mobility materi-
als
5
. The eletroni density is typially in the range of
1011 cm−2, leading to a relatively large Fermi wavelength,
of the order of 300 . This large Fermi wavelength allows
to reate easily true 1D or 0D strutures. Moreover, the
use of eletrostati gates on the top of the sample allows
to deplete the 2D eletron gas underneath. Using this
tehnique, one an modulate in situ and in a reversible
way the shape of the 2D eletron gas, allowing to reate
a wide variety of quantum devies, like quantum wires or
quantum dots
23
. Moreover, the edges dened by eletro-
stati gates are by far less rough than those produed by
ething tehniques.
III. SAMPLE FABRICATION TECHNIQUES
A. The size to reah
Typially one wants to be able to taylor samples with
a size smaller than one mirometer. But the smallest
4
For example in GaAlAs
26,27
, the gap Eg varies linearly with the
onentration of aluminium as Eg = 1, 424 + 1, 247x ? 300K, x
being the onentration in aluminium. Moreover, the mismath
in the lattie parameter does not exeed 0, 3%.
5
The highest mobility ahieved in GaAs/GaAlAs
heterostrutures
28
is 14 · 106 cm2 V −1 s−1. Mobilities of
≈ 106 cm2 V −1 s−1 are urrently ahieved in this material.
FIG. 1: Sem A typial owhart for a fabriation proess.
size is not the ultimate goal sine the roughness of the
edge may play an important role. In metals, the Fermi
wavelength λF is very short and the roughness is always
muh larger than the Fermi wavelength. But in semion-
dutor samples, where λF an be several tens of nanome-
ter, the roughness an be of the same order. In this ase
one wants the edges to be dened with a preision muh
smaller than λF . As disussed in the previous paragraph,
the dimensionality of the sample depends strongly on the
physis involved. For interferene eets, the phase o-
herene length is the harateristi length whih is of
the order of 1nm at low temperature for a good metal
and more than 10µm for high quality 2DEG. So typi-
ally one wants to be able to fabriate samples with a
width smaller than 100nm for metal strutures and a few
hundred nanometers for semionduting ones.
B. Nanofabriation tehnique
First of all, let us reall a standard proess ow. Fig-
ure 1 resumes the main steps one must follow. The start-
ing material is the substrate, that an be the system one
wants to pattern or just a at and neutral surfae used
as a support. By spinning, the substrate is oated with
a layer of resist.
The resist is a material sensitive to irradiation. After
exposure, the resist is developed and the exposed (non
6exposed) area will be leared o for the ase of positive
(negative) resist. A rih variety of proesses an be done
after the lithography. A ommonly used proess is the
lift-o tehnique. In this ase one overs the whole pat-
terned substrate with a metal for instane. The resist
is then ompletely removed by rining it with a strong
solvant. Only the part whih had been previously pat-
terned will be overed by the metal, so to say one has
replaed the design on the resist by a solid pattern made
of metal. This metal an be just the struture wanted or
an be used as a mask for a subsequent ething proess.
Other proesses an also be used suh as ion implanta-
tion, eletrohemial growth et.
C. Optial lithography
Optial lithography is the dominant lithography in in-
dustry. With this tehnique UV light is shed through a
mask, whih ontains the drawing information, on a re-
sist. The resolution is mostly limited by the diration
and hene depends on the wavelength of the light. This
explains why short wavelength are employed. Optial
lithography whih started with UV (400nm to 366nm)
is now in the DUV range (248nm to 193nm) and EUV
(13nm) is the next predited range. DUV lithography
an reah the sub 100nm range but with a omplexity
and osts whih are too high for any sienti laboratory.
For instane, the omplexity of masks whih use phase
shift tehniques to overome diration make them dif-
ult and hene very expensive to produe. Only mass
prodution an aord suh high osts. Refrative op-
tis are presently not available in the EUV range. The
fabriation of reetive optis at this wavelength is also
very deliate and it is hopeless that this tehnique will be
unexpensive for laboratory use. Classial optial lithog-
raphy, on the other hand, whih use quartz plate mask
diretly pressed onto the resist with a standard DUV
light is not able to produe sample with a sub 100nm
resolution.
D. Eletron beam lithography
The possibility to nely fous an eletron beam has
been exploited in eletron mirosopy sine long time
ago. Starting in the sixties, foused eletron beam has
been used to expose a resist and a 0.1µm resolution was
readily obtained. Ten years later, a 10nm wide line was
demonstrated using an inorgani resist. Unfortunately
this tehnique is essentially sequential: the eletron beam
is sanned pixel by pixel on the resist to draw the entire
design, hene the proess is too slow to be inluded in
an industrial proesses. It is on the other hand the per-
fet tehnique for the laboratory. An advantage of this
maskless tehnique is its versatility. The drawing an be
easily hanged on a omputer with no additional ost.
FIG. 2: Sem Monte Carlo simulation of eletron trajetories
in Silion substrate overed with PMMA at 10 keV and 20
keV. After ref.
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In the following we detail the eletron beam lithog-
raphy to explain the resolution and limitations of this
tehnique.
1. Resolution and proximity eet
Most of the resists employed in nanotehnology are
polymers. The eet of the eletron is to break the hain,
hene leaving a polymer with a small hain giving a bet-
ter solubility. This resist is then sensitive to a very small
energy ompared to the one of the eletron beam. Typi-
ally one needs 10 eV to break a polymer hain whereas
for tehnial reason the foused eletron beam is aeler-
ated at several tens of kilovolts. It is then important to
know how the eletrons diuse into the resist and loose
their energy in order to understand how the resist is af-
feted.
An analytial treatment is quite omplex, espeially in
three dimensions. Monte Carlo simulations are widely
used to follow the eletron trajetory. Figure 2 shows
eletron trajetories obtained for eletrons with energies
of 10kV and 20kV in a silion substrate overed with
400nm of PMMA resist. The eets of eletron diusion
is twofold: rst, a forward diusion whih enlarges the
spot in the resist is observed. Seondly, a baksattering
diusion, mainly from eletron diused in the substrate
bak into the resist but far from the initial impat of the
eletron, takes plae. This latter eet, known as prox-
imity eet, has important onsequenes as we will see
later. The energy of the beam is quite important as an
be seen in gure 2: higher energy dereases the forward
sattering angle and shrink the eetive beam spot. On
the other hand, the eletron penetrates more deeply into
the substrate as their energy inreases and are baksat-
tered at larger distane from the impat. In other words,
higher energy dilutes the proximity eet. This is the
reason why reent eletron beam mahines use a 100kV
soure.
The total dose reeived by the resist at one point de-
pends on the exposed dose at that point, but also on
7FIG. 3: Sem Resolution and sensitivity of various organi
resists positive and negative for eletron beam lithography.
PolyMethylMetArylate (PMMA) is presently the best or-
gani resist and is most widely used in sienti laboratories
around the world. An example of sub 10 nm lines of PMMA
with a 50 nm pith is shown in gure 4.
the viinity around this point. Hene a large square uni-
formly exposed, for instane, will be more dosed in the
enter than on the edge. It is also very diult to ex-
posed two large patterns lose to eah other. The gap
between these two patterns being exposed by proximity,
may result in an unwanted onnetion between them. Ar-
rays of lines with a very small pith are also very diult.
It is possible, however, to orret the dose at eah point
by alulating the proximity eet of the overall pattern.
Softwares have been developed for that purpose, but an-
not ompletely ure the eet of the diusion, sine it
may require a negative dose at ertain points!
The problem of proximity eet arises from the sensi-
tivity of organi resist to small energies. It is thus natural
to try to use resist whih needs higher energy to be ex-
posed. This is the ase of inorgani materials e. g. NaCl,
AgF2, Al2O3,... Suh inorgani resist have been used to
demonstrate the nest lines obtained by e-beam lithog-
raphy, around 1nm. The beam energy in that ase gives
rise to the partial or total sublimation of the resist. For
instane on AlF3, the eletron energy evaporates Fluor
leaving a layer of Aluminium. Hydroarbon lms have
also been used where under irradiation a polymerisation
takes plae. In most ases, the dose neessary to expose
these type of resists is orders of magnitude higher than
with onventional resist. The total time to expose the
pattern an reah non reasonable values. Furthermore,
this type of resist an be used only with thin layers whih
enable any lift-o proess. Another possibility to avoid
proximity eet is to use a very small energy. In this ase,
however, it is very diult to fous the beam in onven-
tional eletron optis due to hromati aberration. An-
other drawbak is the forward sattering whih rapidly
enlarges the beam in the resist.
FIG. 4: Sem The image shows an example of sub 10nm lines
with a 50nm pith
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Figure 4 shows the best resolution obtained with dif-
ferent organi resists and the dose needed with e-beam
lithography. One should keep in mind that the maxi-
mum urrent available in an e-beam system with a small
spot size (less than 10nm) is about 100pA with a eld
eet gun soure. This means that exposing an area of
100µm×100µm at a nominal dose of 10−1C/s takes more
than 27 hours!
An eletron mirosope with a omputer assisted de-
etion system is the basi tool for e-beam lithography.
It is enough to make simple patterns in a single eld.
The available eld size depends on the desired resolution.
Lens aberrations indue severe distorsions at the edge of
the eld whih depend on the eld size. With a on-
ventional mirosope, a 50µm×50µm is usually the max-
imum size one an aord to produe sub 100nm stru-
tures. The nanostruture has then to stand within a sin-
gle eld sine there is no possibility to displae the sample
holder with enough auray to stith with the previous
writing eld. The stability of the eletron olumn is also
a problem for long time exposure. Dediated mahines
have been built to overome the diulties mentioned
above with onventional eletron mirosopes. They in-
lude a laser interferometry ontrolled stage with an a-
uray better than 1nm to measure mehanial displae-
ment. A feedbak to the eletron deetion is usually
hosen for the eld alignment. The overall eld stithing
auray is of the order of 20nm. Using patterned marks
on the sample it is also possible to align several layers of
lithography. The mark detetion system ombined with
the laser interferometry allows also to alibrate the de-
etion amplier and to orret eld distorsion. It is
simply done by moving a mark at dierent positions in
the eld. The exat position of the mark is known using
the laser interferometry and is ompared to the position
of the mark obtained by deeting the beam. All these
essential features explain that there is at least one order
of magnitude in the prie of suh a mahine ompared to
8FIG. 5: Sem 8nm line in GaAs produed using a 20kV Gallium
foused ion beam. After ref.
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a standard eletron mirosope.
E. Other harged partile lithography
Foused ion beam lithography arose rapidly after ele-
tron beam lithography as a good andidate for nanofab-
riation. Ions oer several advantages ompared to ele-
trons: rst they deliver very quikly their energy and
onsequently a muh smaller dose is neessary. Seondly
the throughput is muh better and the proximity eet
is muh smaller. In addition, ions an diretly erode the
material and is a resist free proess whih an be very
interesting for materials whih are sensitive to pollution
by organi materials.
In this ething mode by varying the dose, it is also
possible to produe three dimensional strutures: the
paradigm of nanofabriation. Finally, at higher energy
one an loally implant atoms. On the other hand, ion
lithography did not take an important plae among the
nanofabriation tehniques. The major reason is the dif-
ulty to produe ne spots with enough urrent and
a good stability. Reent progress in ion optis and ion
soure tehnology sueed in produing sub 10nm spot
sizes with a partile density suient for ething. Figure
5 shows an 8nm line produed by suh high resolution
ion system
30
.
F. Near eld tehniques
Shortly after their disovery, near eld tehnique have
been used to produed nanostrutures. The ultimate res-
olution has been obtained by the IBM group who wrote
the aronym of their ompany using Xenon atoms with
a sanning tunneling mirosope (STM)
33
. But suh
nanostrutures are unfortunately very volatile. STM an
also be used in a more onventional way as a soure of
foused eletrons. Indeed the size of the eletron spot of
a STM is approximately on the order of the sample to tip
distane and a 10nm spot size an readily be obtained.
Exposure of resist is ompliated by the fat that most
of the resist is non onduting. Another problem due
to the proximity of the tip to the resist is the swelling
of the resist under irradiation that an damage the tip.
STM lithography is more used without resist by eletro-
hemial proess. For instane, it is possible to remove a
group of atoms by applying a pulse on a gold surfae
34
.
Loal oxidation is also an eletrohemial proess that is
widely used with atomi fore mirosopy (AFM) lithog-
raphy. The native water lm on the surfae of a sample
at room temperature is the medium for this anodization
proess. In GaAlAs/GaAs samples, it is possible for in-
stane to loally oxidize the surfae and the oxide forma-
tion destroys the two dimensional eletron gas beneath.
Several mesosopi strutures have been produed with
this tehnique
35
. Another example is the use of Niobium
whih an be anodized
36
. One of the advantage of this
tehnique is that, using a small voltage on the tip, one
an visualize the strutures obtained at higher voltage.
Usually one is limited to a small writing eld beause of
the hysteresis of the piezo-displaement. In most ases
this tehnique is ombined with other tehniques like op-
tial lithography. The possibility of visualization, with
the AFM in the non writing-mode allows for the align-
ment of the two steps.
IV. PERSISTENT CURRENTS: THEORETICAL
ASPECTS
Usually, one onsiders transport properties of quantum
ondutors, measured by onneting voltage and urrent
probes to the sample. In this ase, however, two impor-
tant properties of suh a measurement must be pointed
out:
• First, the strong oupling between these voltage
and urrent probes ertainly aets the quantum
properties of the sample and thus the measurement
itself.
• Seondly, in a transport experiment, one only
probes an energy range eV around the Fermi en-
ergy, with e being the eletron harge and V the
applied voltage. That is why one an not aess
the entire energy spetrum
It is therefore very interesting to deal with the equilibrium
properties of mesosopi samples. It has to be stressed,
that suh experiments in the eld of mesosopi physis
are by far muh more diult than transport experi-
ments. This is why there is only a very small number
of experimental data available.
The existene of persistent urrents has been rst sug-
gested by London in 1937
37
, in his studies on the diamag-
netism of aromati rings (benzene rings). In 1938, Hund
suggested that suh an eet ould be present in lean,
9metalli samples at low temperature
38
. The amplitude
of the persistent urrents has been rst alulated by
Bloh and Kulik in the ase of a lean, 1D ring39,40, but
their existene in a real, diusive 3D metalli ring has
only been predited by Büttiker, Imry and Landauer
41
in 1983.
It is important to note that the persistent urrent we
are onsidering here is a non-dissipative urrent owing
in a non-superondutor ring. Another interesting point
is that persistent urrents and orbital magnetism are two
phenomena ompletely equivalent from a physial point
of view. Only the geometry of the sample makes one
term or the other more intuitive.
A. A simple piture: the 1D ballisti ring
The simplest model for the persistent urrents is the
ase of a pure, 1D metalli ring, without disorder. Al-
though somewhat aademi, this example allows to
present the main idea of the problem. Let us onsider a
ring of perimeter L piered by a magneti ux Φ. We take
the ring to be smaller than the phase oherene length
lφ and we neglet its self-indution. The hamiltonian for
the eletrons of the rings is then simply given by:
H = 1
2m
[−→p − e−→A]2 + V (−→r ) (1)
where
−→p is the momentum of the eletron, e its harge,−→
A the vetor potential, and V (−→r ) the periodi potential
of the lattie. A simple gauge transformation
−→
A ⇒ −→A +
−→∇
(∫ −→
A.
−→
dl
)
, leads to the hamiltonian of free eletrons
H0 = p2/2m+ V , whereas a phase is added to the wave
funtion Ψ: Ψ(x) ⇒ Ψ(x) exp
(
ie/~
∫ −→
A.
−→
dl
)
. This
wave funtion then obeys the new boundary onditions
42
:
Ψ(x+L) = Ψ(x) exp
(
i
e
~
∮ −→
A.
−→
dl
)
= Ψ(x) exp
(
2iπ
Φ
Φ0
)
(2)
where Φ0 = h/e is the ux quantum. These boundary
onditions also lead to a new quantization for the wave
vetor: k = 2π/L(n+Φ/Φ0).
It should be noted that in this ase, the boundary on-
ditions an be ontrolled simply by varying the magneti
ux. Moreover, suh boundary onditions show that
wave funtions, eigenenergies as well as any thermody-
nami property of the system are periodi with magneti
ux
43
, with periodiity Φ0 = h/e.
In analogy with known results on Bloh's states, one
an dene a veloity for eah energy level
41,42,43,44
:
vn =
1
~
∂εn
∂k
=
L
e
∂εn
∂φ
(3)
This veloity is equivalent to a urrent whih is given by:
in = −evn
L
= −∂εn
∂φ
(4)
FIG. 6: Energy spetrum of a pure, ballisti one-dimensional
ring as a funtion of the magneti ux.
At zero temperature, the net urrent is then simply
the sum of the urrents arried by the N levels:
IN =
N∑
n=0
in =
N∑
n=0
−∂εn
∂φ
=
∂E(N,Φ)
∂φ
(5)
where E is the total energy of the N eletrons of the
ring. However, as an be seen on gure 6, two onseutive
levels arry two urrents of the same amplitude, but of
opposite sign: the net urrent is then simply given by
the last oupied level
50
, i. e. the Fermi level. We thus
obtain for the amplitude of the persistent urrent:
I0 =
evF
L
(6)
In this expression, vF /L is simply the time needed for an
eletron to perform one turn around the ring. It should
be noted that this expression an be rewritten as a fun-
tion of the Thouless energy hvF /L:
I0 =
evF
L
=
hvF
L
e
h
=
Ec
φ0
(7)
It should be stressed that the persistent urrent de-
pends strongly on the number of eletrons in the ring
10
and on its parity, both in amplitude as well as in sign:
for N even, the urrent is paramagneti, whereas for N
odd, it is diamagneti
6
.
This very simple approah for the pure 1D ring allows
to give a good estimate for the order of magnitude of the
persistent urrent. Moreover, the main features, suh as
the dependene on the parity of the number of eletrons
remain true, even in the more realisti 3D, disordered
ring.
B. Realisti ring
1. Introdution
In this setion, we will onsider the ase of diusive,
3D rings. As we have stressed above, eah sample is
unique due to its spei disorder onguration. To take
into aount this uniity, we will onsider a large number
of rings, whih is equivalent to averaging over disorder
ongurations: one obtains the average urrent. As we
will see, this average urrent is measured in many rings
experiments. Flutuations from this average value are
also of interest, as they are aessible experimentally:
this is alled the typial urrent. This typial urrent is
a good approximation of the urrent measured in single
ring experiments.
Another important property of the 3D ase is the spe-
tral rigidity. In 1D, we have seen that two suessive en-
ergy levels have opposite slopes. In 3D, two suessive
levels repel eah other: this orrelation between energy
levels leads to a orrelation in the slopes of the energy
levels
46
, as an be seen in gure 7. The slopes of two
suessive levels are almost idential, and this orrela-
tion extends over an energy range orresponding to the
Thouless (or orrelation) energy Ec. In other words, it is
neessary to explore an energy range Ec to nd a level of
opposite slope
47,48
. An important onsequene of that is
that the sign of the persistent urrent still depends on the
number of eletrons, but one has to add Ec/∆ eletrons,
with ∆ being the mean level spaing, to reverse the sign
of the persistent urrent
49
.
2. Non-interating eletrons
a. Average urrent The alulation of the average
urrent
50
raises an interesting problem of statistial
physis. In an experiment on many rings, the number
of eletrons in eah ring is xed, whereas the hemial
potential µ is not. We are thus dealing with the anon-
ial ensemble
51,52
. This point is very important, as it
has been shown that the persistent urrent alulated in
6
This is the ase for aromati rings: for benzene (N = 3) for
example, the persistent urrent is diamagneti.
FIG. 7: Energy spetrum of a real, three dimensional diusive
ring as a funtion of the magneti ux (after ref.
53
.)
the grand anonial ensemble (µ xed) is exponentially
small, I ≈ exp(−L/2le).
On the other hand, the alulation in the anonial
ensemble an be related to the alulation in the grand
anonial ensemble, whih is muh easier to perform
1
.
The anonial average persistent urrent is given by
53
:
〈IN 〉 = − ∂〈F〉
∂Φ
∣∣∣∣
N
= − ∂〈Ω〉
∂Φ
∣∣∣∣
µ
(8)
where N is the number of eletrons, F the free energy,
Ω the grand potential and Φ the magneti ux. With µ
being the sample and ux dependent hemial potential,
one an then expand the expression (8) as a funtion of
δµ(φ) = µ(φ)− 〈µ〉 where 〈µ〉 is ux independent:
− ∂〈Ω〉
∂φ
∣∣∣∣
µ
= − ∂〈Ω〉
∂φ
∣∣∣∣
〈µ〉
− δµ(φ) ∂
∂µ
∂〈Ω〉
∂φ
∣∣∣∣
〈µ〉
(9)
= − ∂〈Ω〉
∂φ
∣∣∣∣
〈µ〉
− δµ(φ) ∂
∂φ
∂〈Ω〉
∂µ
∣∣∣∣
〈µ〉
(10)
The rst term is simply the grand anonial urrent,
whih is exponentially small, and will be negleted. The
11
term ∂〈Ω〉/∂µ orresponds to the number of eletrons.
Using the relation δµ = −δN∂µ/∂N |φ we obtain:
〈IN 〉 = − ∂µ
∂N
∣∣∣∣
φ
〈
δN
∂N
∂φ
∣∣∣∣
〈µ〉
〉
(11)
where
∂µ
∂N
∣∣∣
φ
is the level spaing. Finally, one
obtains
55,56,57,58
:
〈IN 〉 = −∆
2
∂
∂φ
〈δN2µ〉 (12)
The number of eletrons is simply given by: N =∫ 0
−εF
ρ(ε)dε. The utuation in the number of eletrons
is given by:
〈δN2µ〉 = 〈(N − 〈N〉)2〉
= 〈
∫ 0
−εF
(ρ(ε)− ρ0) dε
∫ 0
−εF
(ρ(ε′)− ρ0) dε′〉
=
∫ 0
−εF
∫ 0
−εF
(〈ρ(ε)ρ(ε′)〉 − ρ20) dεdε′
=
∫ 0
−εF
∫ 0
−εF
K(ε, ε′)dεdε′
whereK(ε, ε′) is the two point orrelation funtion of the
density of states. The average urrent is then given by:
〈IN 〉 = −∆
2
∂
∂φ
∫ 0
−εF
∫ 0
−εF
K(ε, ε′)dεdε′ (13)
It has been shown
59
that the spetral form fator K˜(t)
an be related to the return probability to the origin
P (t) = P (~r, ~r, t):
K˜(t) =
1
4π2
tP (t) (14)
whih leads to:
〈IN 〉 = − ∆
4π2
∂
∂φ
∫ ∞
0
P (t)
t
dt (15)
This return probability ontains two terms: the rst one
is ux independent and will be ignored. The interferene
term Pint(t) an be expressed as a funtion of the winding
number of the dierent trajetories m:
Pint(t) =
∞∑
m=−∞
Pm(t) cos
(
4πm
φ
φ0
)
(16)
Inserting this into equation 15, one obtains:
〈IN 〉 = 2
π
∆
φ0
∞∑
m=1
m sin
(
4πm
φ
φ0
)∫ ∞
0
Pm(t)
t
dt (17)
Knowing the expression for Pm(t): Pm(t) =
1/
√
4πDt exp
(
−m2L2
4Dt
)
, one nally obtains
60
:
〈IN 〉 = 2
π
∆
φ0
+∞∑
m=1
sin
(
4πm
φ
φ0
)
exp
(
−mL
lφ
)
(18)
This urrent has a periodiity of Φ0/2 and is param-
agneti for small magneti ux. It should be stressed,
however, that the amplitude of this urrent is of the or-
der 〈IN 〉 ≈ ∆/φ0. Taking a level spaing of 100µK (for
a metalli ring with a typial radius of one mirometer),
one obtains a urrent in the range of the pA. Suh a
urrent would ertainly not be measurable and is by far
muh lower than the experimentally observed value.
b. Typial urrent The typial urrent Ityp is de-
ned as the utuations around the average urrent
50
:
I2typ = 〈I2〉 − 〈I〉2 ≈
√
〈I2〉 (19)
Starting from the expression for the urrent:
I = −∂F
∂Φ
=
∂
∂φ
∫ 0
−EF
ερ(ε,Φ)dε (20)
one obtains:
I2typ ≈ 〈I2〉 =
∂
∂Φ
∂
∂Φ′
∫ 0
−EF
εε′〈ρ(ε,Φ)ρ(ε′,Φ′)〉 dεdε′(21)
=
∂
∂Φ
∂
∂Φ′
∫ 0
−EF
εε′K(ε− ε′,Φ,Φ′) dεdε′(22)
Performing a Fourier transform
7
and using again the
relation 14, one obtains
53,59
:
I2typ =
1
8π2
1
φ20
∫ ∞
0
(t, φ)
t3
dt (23)
where P ′′int denotes the seond derivative of Pint with
respet to Φ. Using the equation (16), one nally obtains:
I2typ =
96
(2π)2
(
Ec
φ0
)2 ∞∑
m=1
1
m3
[
1 +m
L
lφ
+
1
3
m2 (L/lφ)
2
]
×(24)
sin2
(
2πm
φ
φ0
)
exp
(
−mL
lφ
)
(25)
Keeping only the rst harmoni, and assuming lφ ≪ L,
we nd for the typial urrent
60
:
Ityp ≈
√
96
2π
Ec
φ0
≈ 1.56Ec
φ0
(26)
This urrent is Φ0 periodi. It should be noted that
the amplitude is again of order Ec/Φ0. This result an
be rewritten as Ityp ∝ Ec/Φ0 ∝ e/τD ∝ evF /L · le/L,
where τD is the diusion time. As derived in paragraph
IVA, the typial urrent is hene simply given by the
time needed for an eletron to perform one turn around
the ring.
7
We have omitted the lassial part of P whih does not depend
on the ux.
12
. Extensivity One important property of the typi-
al urrent is the fat that its amplitude inreases only as√
NR, where NR is the number of rings, sine the typial
urrent is given by the utuations around the average
value.
On the ontrary, the average urrent, suh as any aver-
age value, grows simply as NR. This has been extensively
studied in the ase of ondutane osillations
54
, but is
also true for thermodynamis properties.
3. Interating eletrons
Motivated by the rst experimental observations,
where a muh larger amplitude of the persistent urrent
has been obtained than theoretially predited, eletron-
eletron interation have been reognized as an important
ontribution to the persistent urrent
61
. The alulation
is made in the Hartree-Fok approximation, and one as-
sumes a sreened Coulomb interation
3?
, U(−→r −−→r ′) =
U2Dδ(
−→r − −→r ′), with U2D = 2πe2/qTF , qTF being the
Thomas-Fermi wave vetor. In the Hartree-Fok approx-
imation, the total energy E reads62:
E = E0 − U
4
∂
∂Φ
∫
n2(~r) d~r (27)
where E0 is the total energy for the non-interating ele-
trons. Given that
8 n(~r) = 2
∫ µ
0
ρ(~r, ω) dω, one nds for
the interation ontribution to the average urrent:
〈Iee〉 = 〈∂E
∂Φ
〉 = −U ∂
∂Φ
∫
ρ(~r, ω1)ρ(~r, ω2) d~r dω1 dω2
(28)
Again, this integral an be expressed as a funtion of
P (t):
〈Iee〉 = −Uφ0
π
∂
∂Φ
∫ ∞
0
P (t,Φ)
t2
dt (29)
Indexing by m the winding number of the trajetories,
one obtains nally
63
:
〈Iee〉 = 16Uρ0
2π
λ0
Ec
φ0
× (30)
+∞∑
m=1
1
m2
[
1 +m
L
lφ
]
sin
(
4πm
φ
φ0
)
exp
(
−mL
lφ
)
(31)
with ρ0 being the average density of states at the Fermi
level and λ = Uρ0 the interation oupling onstant.
In the simple limit lφ ≪ L, and onsidering only the
rst harmoni, one nds an average urrent of the order
Ec/Φ0, a result obtained in the simple model of the para-
graph IVA. It should be noted that this urrent is muh
8
The fator 2 takes into aount for the spin.
larger than the non-interating urrent alulated in the
paragraph IVB2. Another interesting point is that the
prefator is proportional to the interation parameter U :
this implies that the sign of the average urrent depends
on the attrative or repulsive nature of the interation.
Finally, it should be stressed that this result is indepen-
dent of the statistial ensemble: oulombian interations
xes loally the eletron density
56,61
, leading to this in-
sensitivity to the statistial ensemble. Calulations in-
luding exat oulombian interations lead to somehow
unlear results
64,65,66,67,68
.
We should also mention that the utuations of the
persistent urrent (the typial urrent) are muh larger
than its average value (even when inluding the intera-
tion term):
√
〈I2〉 ≫ 〈I〉. However, the typial urrent
for NR rings varies as
√
NR, whereas the average ur-
rent varies as NR: for few (or single) rings experiments,
the Φ0 periodi typial urrent dominates, whereas for
a large number of rings, the signal is dominated by the
Φ0/2 periodi average urrent.
Finally, it should be stressed that the alulation of the
typial urrent is made only for non-interating eletrons.
Attempts to inlude oulombian interations
69,70,71
are
more diult to perform and interpret.
V. EXPERIMENTAL RESULTS
A. Orders of magnitude
Due to the experimental diulty, only few experimen-
tal studies on persistent urrents are available. In the fol-
lowing we will give a review of these experiments. There
are two distint sets of experiments: rst the many ring
experiments whih have been arried out on a very large
number of rings. Seondly, the single ring experiments.
Both kind of experiments have been performed on met-
als and semiondutor heterojuntions. More reently,
experiments have been arried out on a small number of
rings.
Let us reall briey the order of magnitude for the
typial and average urrent. The typial urrent, for NR
rings, is given by:
Ityp =
√
〈I2〉 =
√
96
2π
evF
L
le
L
√
NR ≈ 1.56 evF
L
le
L
√
NR
(32)
whereas the average urrent is given by:
〈I〉 = 16
2π
λ
Ec
φ0
NR (33)
The oupling onstant λ, when taking into aount all
the orders of the interations, is typially of the order
10−1. This gives for the average urrent:
〈I〉 ≈ 0.25 evF
L
le
L
NR (34)
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The average urrent, even when taking into aount
oulombian interations, is one order of magnitude lower
than the typial urrent.
In a metal, the Fermi veloity is of the order of
107ms−1 whereas for semiondutors, it is typially
105ms−1 The elasti mean free path in a metal is typ-
ially 20nm and about 10µm in a heterojuntion. For
NR rings of radius 2µm, one obtains:
• For metals:
Ityp ≈ 0.3
√
NR [nA] ≈ 430
√
NR [µB ] (35)
〈I〉 ≈ 0.05NR [nA] ≈ 70NR [µB ] (36)
Ec ≈ 60mK (37)
• For semiondutor heterojuntions:
Ityp ≈ 2
√
NR [nA] ≈ 2700
√
NR [µB] (38)
〈I〉 ≈ 0.5NR [nA] ≈ 670NR [µB ] (39)
Ec ≈ 380mK (40)
For single or few rings experiments, the signal is dom-
inated by the typial urrent, whereas for many rings
experiments, it is the average urrent whih is measured.
However, in all ases, the signal to be measured is rather
small, and suh experiments are always an experimental
hallenge.
In all the experiments performed up to now, the signal
deteted is the magneti ux generated by the persis-
tent urrents. Basially, two dierent tehniques have
been employed: rst the d squid, either a marosopi
(standard) one
72
or an on-hip miro-squid
73
. The se-
ond one involves an RF resonator that allows to detet
at the same time both the magneti ux generated and
the ondutivity of isolated rings.
B. Many rings experiments
In many rings experiments, at least when the number
of rings is very large, the measured physial quantity is
the average urrent, as it grows like the number of rings.
These experiments are also easier to perform, as one deals
with a marosopi objet, and hene the detetor is
simpler to design.
1. Metalli rings
The rst experimental observation of the existene
of persistent urrents has been performed by Lévy and
oworkers on a network of 107 opper rings74 as shown
FIG. 8: Sem piture of a part of the sample used in the
experiment of ref.
74
. It onsists of an array of 10
7
opper
squares, of perimeter 2.2µm. After ref.74.
in gure 8. In this experiment, the rings were squares
of perimeter 2.2µm, whih gives Φ0 ≈ 130G 9 and the
phase oherene length was muh larger than the perime-
ter of the rings.
The signal is deteted using a ommerial d squid. It
is ruial to eliminate the ontribution due to magneti
impurities from the signal of the rings. For that purpose,
the authors used the non-linearity of the signal oming
from the persistent urrents: the magneti eld is mod-
ulated at low frequeny and the signal is deteted as the
seond and third harmoni of the magneti response. The
proedure is repeated at several values of the magneti
eld.
The experimental data are reported on gure 9. The
signal displays lear osillations as a funtion of the mag-
neti eld, with periodiity Φ0/2. The amplitude of the
persistent urrent, dedued from the magneti response,
is 0.4nA per ring, orresponding to 3 · 10−3 evF /L per
ring. This result, although somehow larger than pre-
dited, is in relatively good agreement with theory taking
into aount eletron eletron interations.
In this experiment, the determination of the sign of
the magneti response relies on some assumptions for
the data proessing. In the paper, the authors stated
a diamagneti response at zero eld. This result is quite
surprising as it would orrespond to an attrative inter-
ation, whih is quite unlikely in a metal like opper. On
the other hand, this sign has been onrmed by a reent
experiment on silver rings
75
.
9
The sample spei parameters in this experiments were: le =
20nm; Ec = 80mK
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FIG. 9: Dependene of the seond and third harmoni of the
response of the squid as a funtion of the magneti eld. In
this experiment
74
, Φ0 orresponds to 130G. Both harmonis
show lear osillations as a funtion of the magneti eld, with
a periodiity Φ0/2. After ref.
74
.
2. Semiondutor rings
Another experiment has been performed on a large
number of rings in a semiondutor heterojuntion
76
.
The rings were 105 squares of mean perimeter 8µm (or-
responding to Φ0 ≈ 10G)10. In suh semiondutor
rings, the level spaing ∆ is of the order of 25mK, muh
higher than in metalli rings where it is of the order of
≈ 10µK. In this experiment, the experimental teh-
nique to detet the persistent urrent is somewhat dier-
ent than the tehnique used in the experiment by Lévy
et al.. Instead of measuring the d magneti response of
the rings, the authors study the a response of the rings
to an rf exitation. Using this tehnique, they measure
the a omplex ondutane of the rings, from whih they
dedue the persistent urrents.
The quantity measured in this experiment is the mag-
neti suseptibility of the rings, χ(ω) = χ′(ω) + ıχ′′(ω).
The omplex a ondutane of the rings is then dedued
by χ(ω) ∝ ıωG(ω). At low frequeny11, the imaginary
part of G(ω) is just proportional to the derivative of the
persistent urrent with respet to the ux.
The magneti suseptibility is measured using a res-
onating tehnique. The resonator onsists of a meander
strip-line on top of whih the rings are deposited. The
10
the sample spei parameters in this experiment were:le=3µm;
Ec = 200mK, lφ = 8µm.
11
In this experiment, the harateristi frequeny is given by the
inverse of the inelasti mean free time τ−1in .
FIG. 10: Optial photograph of the sample used in the ex-
periment of
76
. It onsists of an array of 10
5
GaAs/AlGaAs
rings. On the top of them, one an see the niobium meander
stripe-line used as the resonator. Reprinted from ref.
76
.
meander, open at both ends, is made of 20 cm of su-
peronduting niobium. The fundamental frequeny of
the resonator is 380MHz. The shift in the resonane
frequeny and the variations of the quality fator are
proportional to the imaginary and real parts of the a
omplex ondutane of the rings.
The experimental ondutane (see gure 11) shows
h/2e osillations, as expeted for experiments on many
rings. However, the amplitude found for the persistent
urrent, on the order of 1.5nA per ring, is almost an or-
der of magnitude larger than predited. More surprising,
the measured signal implies a diamagneti zero eld per-
sistent urrent, i. e. an attrative interation between
the eletrons. Again, suh an attrative interation is
very unlikely in this two-dimensional eletron gas.
It should be noted, however, that in suh an experi-
ment, the frequeny is quite lose to the level spaing.
This may aet the response of the rings and makes a
diret omparison with the experiment by Lévy et al.
somewhat diult.
C. Single rings experiments
Single ring experiments are a true experimental hal-
lenge. In suh experiments, it is the typial urrent
whih is deteted, as it is roughly one order of magnitude
larger than the average urrent for one ring. It should
be stressed, however, that as the average urrent is an
extensive quantity in ontrary to the typial urrent that
varies like
√
NR, the signal to be deteted in a many rings
experiment is orders of magnitude larger than the signal
to be deteted in a single ring experiment.
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FIG. 11: Derivative of the resonane frequeny of the res-
onator used in ref.
76
. The linear bakground (dotted line) is
due to the diamagnetism of niobium. Superimposed on this,
one learly sees the h/2e periodi signal due to the persis-
tent urrents in the rings(solid line). The inset shows the
Fourier transform of the signal at two dierent temperatures.
Reprinted from ref.
76
.
1. Metalli rings
The rst single ring experiment has been performed
by Chandrasekhar et al.
77
on a single gold ring. In
this experiment, three dierent samples have been mea-
sured: two were rings of diameter 2.4µm and 4.0µm,
and the third one was a retangle of dimensions 1.4µm×
2.6µm12.
The experimental setup onsists of a home made minia-
ture d squid. The squid, itself has a sensitivity of
6 ·10−8Φ0. The pik-up loop onsists of a ounter wound
niobium loop in order to minimize the sensitivity to the
stati bakground eld. To maximize the oupling be-
tween the pik-up oil and the sample, both have been
fabriated on the same hip, and the oil is deposited
around the gold ring (see gure 12). Moreover, the eld
oil onsists of a niobium line deposited around the ring.
In this experiment, the authors detet the modulation
of the ux measured by the squid as a funtion of the
magneti eld, whih is swept over a few Φ0. The mag-
neti eld is modulated at low frequeny (≈ 4Hz), and
the signal deteted at f and 2 f . The bakground signal
is subtrated numerially using a quadrati form and the
amplitude is extrated from the Fourier transform (power
spetrum) of the data as a funtion of the magneti eld
(see gure 13).
12 lφ = 12µm; le ≈ 70nm in this experiment.
FIG. 12: a) Shemati piture of the sample used for the
experiment of ref.
77
, displaying the ounter wound niobium
pik-up loop, the eld oil and the gold ring. b) Sem piture
of the ring. The white part is a orner of the pik-up loop.
Reprinted from ref.
77
.
FIG. 13: a) First harmoni of the response of the d squid as
a funtion of the magneti eld. b) Same data after subtra-
tion of a quadrati bakground. ) Seond (2 f) harmoni of
the response of the d squid after subtration of a quadrati
bakground. d) Power spetrum of the data displayed in b).
One learly observes a peak at h/e frequeny. Reprinted from
ref.
77
.
As a result, the author found a persistent urrent with
Φ0 periodiity and an amplitude of 3± 2nA, 30± 15nA
and 6± 2nA for the three samples investigated, whereas
the theoretial values are 0.09nA, 0.27nA and 0.25nA
respetively. Obviously, the measured signal is 30 to 150
times larger than expeted. Dierent arguments have
been invoked to explain this disrepany. It should be
noted, however, that the observed signal is of the order
evF /L, i. e. the signal one should nd for a ballisti
ring (le ≈ L). On the other hand, it is very unlikely that
gold rings behave as ballisti rings, and the theoretial
explanation of this experimental observation remains an
open question.
The sign of the persistent urrent is quite diult to
determine in suh a single ring experiment. The authors
16
laim that the samples studied showed a paramagneti
signal. A lear statement, however, as stressed by the
authors is diult due to the few samples measured and
due to the extreme experimental diulty.
2. Semiondutor rings
Another experiment has been performed by Mailly and
oworkers on a single, isolated ring, ethed into a semi-
ondutor heterojuntion
78
. In this ase, the signal is
expeted to be larger than in metalli rings as the elas-
ti mean free path is muh larger ompared to the latter
ase.
The ring has been ethed into a two dimensional ele-
tron gas at the interfae of a GaAs-GaAlAs heterojun-
tion. The mean perimeter in this sample is on the order
of 6µm whih orresponds to Φ0 ≈ 10G)13.
An important advantage of semiondutors is the pos-
sibility of using gates on the sample. This allows to mod-
ify in situ the geometry of the sample simply by applying
a d voltage to the gates. In this experiment, the authors
used two dierent gates (see gure 14): the rst is used
to separate the ring from the reservoirs. The presene
of these ohmi ontats allows to measure at the same
time the ondutane and the persistent urrent osilla-
tions, and hene to hek the eletroni temperature and
the oherene of the eletrons in the ring. The seond
gate is evaporated on top of one arm of the ring. By po-
larizing this gate (open ring), one an suppress all the
interferene eets in the ring, both the Aharonov-Bohm
osillations and the persistent urrents. This allows to
perform a zero measurement, equivalent to measuring
the squid with no ring. The advantage is that this an
be made on the same sample. Moreover, the subtration
of the signal obtained with the ring losed and open
allows to experimentally suppress the bakground signal
of the detetor.
In this experiment, a sophistiated on-hip miro-
squid tehnique has been employed. With suh a design,
no pik-up oil is needed: the squid itself is deposited
exatly on the top of the ring. This has two major ad-
vantages: rst, the absene of a pik-up oil redues the
indutane of the setup. Seondly, and most important,
in suh a geometry, the oupling between the ring and
the squid is basially optimal, as the squid has exatly
the same shape as the ring. The squid is atually de-
signed as a gradiometer, onsisting of two ounterwound
loops in order to ompensate the externally applied stati
magneti eld (see gure 14). The two Josephson jun-
tions are made using Dayem mirobridges, evaporated
at the same time as the seond level of the gradiometer.
For a detailed desription of the miro-squid gradiometer
tehnique, we refer the reader to the referene
79
.
13 le ≈ 10 µm;lΦ ≈ 25µm; Ec ≻ 1K in this experiment
FIG. 14: Sem piture of the sample used in ref.
78
.
1) GaAs/GaAlAs ring (dashed line). 2) and 3) gold gate used
to isolate the sample from ohmi ontats and to suppress the
signal. 4) Gold alibration loop. 5) First level of the miro-
squid gradiometer ontaining the two Dayemmirobridges on
the right. The piture has been taken before the evaporation
of the seond level of the miro-squid gradiometer. Reprinted
from ref.
78
.
The measurement onsists in sweeping the magneti
eld over several Φ0 and reording the ritial urrent
of the squid. This is made suessively for the losed
and open ring. The signal is then obtained by taking
the Fourier transform of the dierene between the two
measurements. The noise is evaluated at the same time
by taking the Fourier transform of the dierene between
two losed or open ring measurements.
In the Fourier spetrum (see gure 15), a lear peak is
observed at the Φ0 frequeny orresponding to a value of
4 ± 2nA for the persistent urrent amplitude, in good
agreement with the theoretial predition evF /L. No
measurable signal was observed at the Φ0/2 frequeny, as
expeted when omparing the theoretial signal and the
noise level of the experiment. The sign of the persistent
urrent, on the other hand, was impossible to determine
in a reliable way.
This experiment proves that in the ase of very weak
disorder and small number of hannels, standard theory
gives a orret desription of the persistent urrent am-
plitude. Moreover, in suh samples, eletron-eletron in-
terations are muh enhaned due to the low eletron
density. This suggests that these interations are un-
likely to strongly enhane the amplitude of the persistent
urrents.
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FIG. 15: Fourier spetrum of the magnetization of the ring of
ref.
78
in units of nA. The arrows indiate the h/e and h/2e
frequeny. Open dot is the experimental noise. One learly
observes the signal at the h/e frequeny orresponding to a
persistent urrent of 4 ± 2nA in the ring. Reprinted from
ref.
78
.
D. Few rings experiments
More reently, two experiments have also been per-
formed on ensemble of few rings, either metalli or semi-
ondutor. In this ase, the small number of rings (typi-
ally ten rings) allows to hek the theory onerning the
ensemble averaging, and should allow to observe both
the h/e and h/2e omponents of the persistent urrent.
Moreover, in the experiment on semiondutor rings, the
authors were able to hek the eet of a onnetion
(ohmi ontats) between the rings.
1. Metalli rings
In this experiment, Jariwala et al.
80
used a similar ex-
perimental set-up as for the experiment on the single gold
ring. The sample (see gure 16) onsists of a line of 30
isolated gold rings of radius 1.3µm (perimeter 8µm) or-
responding to a ux period of Φ0 ≈ 8G14.
To extrat the persistent urrent signal from the bak-
ground signal, the magneti eld is modulated at low fre-
queny (typially ≈ 2Hz) and detet at the rst, seond
and third harmoni of the response of the squid.
In this experiment, both the h/e and h/2e omponents
were deteted (see gure 17). For the h/e omponent, the
authors found a urrent of Ityp = 0.35nA = 2.3Ec/Φ0
per ring, in good agreement with theoretial preditions,
taking into aount e-e interations. To obtain this re-
sult, the authors divided the total signal by
√
NR to
aount for the random sign of the persistent urrent.
14 le ≈ 87nm; lΦ ≈ 16µm; Ec ≈ 7mK in this experiment.
FIG. 16: Sem piture of the sample used in the experiment of
ref.
80
. a) Close-up view showing the gold rings, the niobium
pik-up oil and the niobium eld oil. b) Larger view showing
the entire gradiometer. Reprinted from ref.
80
.
This suggests that the amplitude of the persistent ur-
rent measured in the single ring experiment
77
is some-
what overestimated.
The h/2e omponent was found to be 〈IN 〉 = 0.06nA
per ring, orresponding to 0.44Ec/Φ0. This result is in
line with the results found in the previous experiment of
Lévy et al. on opper rings, and only a fator of 2 larger
than the theoretial preditions when taking into aount
eletron-eletron interations.
The sign of the persistent urrent on the other hand
is muh more surprising. In this experiment the sign of
the average urrent is diamagneti. Although this has
been seen in previous experiments on many rings
74,75
,
in this work the determination of the sign is unambigu-
ous. As we have seen, suh a diamagneti response is
quite unlikely as it orresponds to an attrative intera-
tions between the eletrons. Clearly, suh an disrepany
between experiment and theory may be attributed to an
unexplored physial phenomena that modies the ground
18
FIG. 17: Magneti response of the array of 30 gold rings of the
experiment of ref.
80
. Left panel: a) Raw data (dashed line)
and h/e ontribution (solid line) extrated from the Fourier
spetrum displayed in b). Right panel: a) Raw data (dashed
line) and h/2e ontribution (solid line) extrated from the
Fourier spetrum displayed in b). Reprinted from ref.
80
.
state of the eletron gas. The authors of this experiment
explain their result in the light of a reent theory on zero
temperature dephasing in metals
87
. However, as the sta-
tus of suh theories is still quite ontroversial, we will not
go further into this point.
Finally, it should be noted that in suh an experiment
on 30 rings, both the average urrent, that grows like
NR, and the typial urrent, that grows like
√
NR, have
the same amplitude. This proves that 30 rings are not
enough for ensemble averaging, and the exat variation
of Ityp and 〈IN 〉 with the number of rings remains exper-
imentally an open question.
2. Semiondutor rings
Another experiment has been performed on a
small number of semiondutor rings by Rabaud and
oworkers
81
. This experiment has been performed on two
arrays of 4 and 16 rings (atually squares) ethed into a
two dimensional eletron gas at the interfae of a GaAs
GaAlAs heterojuntion. The squares were 3µm× 3µm,
perimeter 12µm, orresponding to Φ0 ≈ 5G)15. Using
an original set-up ontaining three dierent metalli gates
(see gure 18), Rabaud et al. have been able to measure
in the same experiment (same ooling down run) both,
the signal of onneted and isolated rings. The origi-
nal set-up also permits to suppress the signal via a gate
and hek the zero of the detetor. This allows to per-
form an in situ subtration of the bakground. Suh
a tehnique has the advantage to measure at the same
time both the signal and the noise in order to have an
unambiguous determination of the magneti signal.
In this experiment, the authors measured a lear h/e
periodi signal, of amplitude 2.0 ± 0.3nA per ring for
15 le ≈ 10 µm; lΦ ≈ 25 µm; Ec ≈ 500mK in this experiment
FIG. 18: optial photograph of the sample used for the exper-
iment of ref.
81
. The three metalli gates and the aluminium
miro-squid gradiometer are learly visible. Inset shows a
Sem piture of the two Dayem mirobridges used as Joseph-
son juntions for the squid. After ref.
81
.
the 4 rings sample, and 0.35 ± 0.07nA per ring for the
16 rings sample (see gure 19), to be ompared with the
theoretial values 2.18nA per ring for the 4 rings sample
and 1.09nA per ring for the 16 rings sample. The ex-
perimental results are in relatively good agreement with
the theoretial values. The disrepany observed for the
16 rings sample may be attributed to an overestimation
of the elasti mean free path, whih is determined on
wires fabriated from the same wafer of GaAs/AlGaAs
heterojuntion. However, the omplete lithographi pro-
ess, quite ompliated in this experiment, may aet le,
mainly beause of the roughness of the edges after eth-
ing.
In this work, the authors were also able to measure
the persistent urrents in the same array of rings, but
this time with an ohmi onnetion between the rings.
Measurements on both, isolated and onneted rings an
be made basially at the same time, by simply applying a
d voltage on the gates on the top of the arms onneting
the rings. The purpose of this experiment was to measure
the persistent urrent in a sample muh larger than lφ, i.
e. a marosopi sample from the quantum physi point
of view. This work was stimulated by theoretial mod-
els that alulated persistent urrents in arrays of rings,
showing that they do not vanish, but are only redued
by some geometrial fator
82
.
The lines of 4 and 16 rings used in the experiment
were respetively ≈ 60µm and ≈ 250µm, both muh
larger than the phase oherene length. In that sense,
these line of rings are marosopi objets. The authors
found a urrent of amplitude 1.7 ± 0.3nA per ring for
the 4 rings sample, and 0.40±0.08nA per ring for the 16
rings sample, whereas the theoretial values, alulated
in ref.
82
, were respetively 1.25nA per ring and 0.62nA
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FIG. 19: Power spetrum of the magnetization due to the
persistent in a line of 16 onneted rings in units of nA per
ring. The arrow indiates the h/e frequeny window. Open
symbols are the experimental noise. One learly sees a peak
in in the signal urve, absent from the noise urve. Inset
shows the raw data (dashed line) after substration of the
bakground and after bandpassing the signal over the h/e
frequeny range (solid line). After ref.
81
.
per ring. There is obviously a disrepany between ex-
perimental and theoretial values. However, it should
be noted that the theoretial model has been developed
for diusive (metalli) rings, whih is ertainly not the
ase in heterojuntion rings. Moreover, oulomb intera-
tions are not taken into aount for the typial urrent;
in heterojuntions, the low eletroni density enhanes
strongly the interations.
The key result of this experiment is the fat that the
ratio between the amplitude of the persistent urrents
observed in onneted and isolated rings is of the order of
one for both samples. This shows that persistent urrents
are basially unaeted by the onnetion between the
rings. This suggests that even in a marosopi sample,
there should be a reminisene of the quantum nature of
eletrons.
Finally, it is interesting to ompare this experiment
with the experiment performed on 30 metalli rings. In
the experiment on semiondutor rings, no observable
signal was deteted at the h/2e frequeny for both sam-
ples. At least for the 16 rings sample, this result is quite
surprising, as the average urrent grows linearly with the
number of rings. As a omparison, in the experiment on
metalli rings, the signals at h/e and h/2e for 30 rings
were of similar amplitude. Again, this shows that the
ensemble averaging, in the ase of persistent urrents, is
still not fully understood.
VI. CONCLUSION
Persistent urrents are ertainly one of the most spe-
taular manifestation of the quantum oherene of the
eletrons in a mesosopi system: it manifests as a per-
manent, non dissipative urrent owing around a normal,
non superonduting ring. The amplitude of this urrent
is of the order of a nanoAmpere, whereas the resistane
of the ring an be of the order of a kiloOhms, e. g. for
the ase of semiondutor rings.
Although heavily ontroversial at the beginning, the
existene of suh urrents is well established, from both,
theoretial as well as experimental point of view. How-
ever, many questions remain open, and experimental re-
sults point out the lak of a deep understanding of this
phenomenon.
First the amplitude experimentally observed seems dif-
ferent from the theoretial preditions. Most of the ex-
perimental results are about an order of magnitude larger
than the theoretial preditions. However, it must be
stressed that all these experiments are very diult, as
they deal with the measurement of very small magneti
signals. From this point of view, and taking into aount
the dierent approximations in the theoretial models, it
seems diult in the absene of new experimental results
to draw a denitive onlusion onerning the validity of
the theoretial preditions on the amplitude of the per-
sistent urrents.
More surprising is the sign observed in the many rings
experiments. As we have seen, the sign of the zero eld
magneti response due to the average persistent urrents
are diretly related to the sign of the interation between
eletrons. In at least two experiments on many rings,
both metalli or semiondutor, the sign was found to be
diamagneti, whereas in the rst experiment on opper
rings, there were indiations that it was also diamagneti.
This result is quite intriguing, as it should orrespond to
an attrative interation between eletrons. Suh an at-
trative interation is very unlikely in standard metals
like opper or gold, or even in GaAs/GaAlAs heteron-
juntions. Clearly, there are many open questions in the
desription of the average persistent urrent of interat-
ing eletrons.
Another interesting point is the hange of persistent
urrents when the sample evolves from a true mesosopi
sample to a marosopi sample. Only one suh experi-
ment has been arried out up to now, and the result found
is that persistent urrents are not signiantly modied
when the size of the sample inreases. These results sug-
gest that persistent urrents should be observable in a
marosopi objet; by extension, in the spirit of the evo-
lution from Aharonov-Bohm osillations to weak loali-
sation, one may think about observing the zero eld mag-
neti response of a standard two dimensional metal.
Finally, there are natural extensions of this problem
of equilibrium properties of mesosopi ondutors, that
have been largely unexplored. An interesting problem
is a ballisti dot of dierent shape, ie quantum bil-
liards. In this ase, the properties of the energy spe-
trum are no more given by the impurity onguration,
but by the speular sattering at the boundaries of the
sample
83,84,85
. The orbital magnetism of these systems
should be ontrolled by the regular or haoti nature
20
of the billiard, and must be understood in the light of
the quantum haos theory. Another point is the onne-
tion between the persistent urrents and the zero tem-
perature deoherene: it has been proposed that the
anomalously high amplitude of the average urrent may
be related to the deoherene of the eletron due to rf
environment
86,87
. It should also be interesting to study
thermodynami properties dierent from the persistent
urrent. One example is the spei heat of mesosopi
samples. In a equivalent way to persistent urrents,
the spei heat should osillate with the magneti ux.
However, suh a measurement is ertainly very diult,
as the energy involved in suh a phenomenon is again on
the order of the Thouless energy. Suh an experiment
would imply strong improvements in the sensitivity of
present detetors. Finally, one subjet of major interest
at present is the possibility observing the Kondo eet in
artiial nanostrutures
88
. Coupling this with a persis-
tent urrent measurement should allow to probe diretly
the reality and the extension of the Kondo loud
89,90,91
.
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